A pseudorabies virus (PrV) mutant, deficient in the nonessential glycoprotein E (gE) and expressing the LacZ gene (gE 0 bgal / PrV), and its rescued virus were inoculated intranasally in mice. The median lethal dose of gE 0 bgal / PrV was similar to that of the parental Kaplan strain, but mice survived longer and did not develop symptoms of pseudorabies. In the nasal mucosa, gE 0 bgal / PrV replicated less efficiently than rescued virus. gE 0 bgal / PrV could infect first-order trigeminal and sympathetic neurons innervating the nasal mucosa. However, transneuronal transfer to second-order cells groups did not occur in trigeminal pathways and was severely reduced in sympathetic pathways. The mutant was also unable to propagate in the parasympathetic system. In contrast, gE-rescued virus was transferred transneuronally in trigeminal, sympathetic, and parasympathetic pathways, like wild-type PrV. These findings provide further evidence that deletion of gE specifically affects transneuronal transfer of PrV more than penetration and multiplication of the virus in first-order neurons. ᭧ 1996 Academic Press, Inc.
Pseudorabies virus (PrV) causes Aujeszky's disease
The glycoprotein E (gE) is important for the expression of virulence of PrV (9, 13, 15, 25) . Depending on the host in pigs, which provokes severe economic losses. Pigs are usually infected via the intranasal route by inhaling cell, gE is involved in cell-to-cell spread of virus (40) and promotes the release of PrV (24, 26, 39) . In the animal, virus aerosols (38). As for other a-herpesviruses, the neuroinvasiveness of PrV is mediated by virus uptake at deletion of gE results in a reduction of the categories of neurons infected by transneuronal transfer after inoculanerve endings, followed by transneuronal transfer between connected neurons and local (cell-to-cell) spread tion into the rat vitreous body or the heart (4, 5, 10, 32, 33, 37) . After intranasal inoculation in pigs, it has been between neighboring cells (1, 2, 9, 19, 22, 35, 36) . Some shown that PrV mutants having a deletion in the gE gene glycoproteins on the virus envelope are involved in the cannot propagate in olfactory and trigeminal pathways attachment and penetration of PrV to target cells. At least (11, 17, 29) , but it has not been determined whether these nine glycoproteins have been described so far that are mutants can infect sympathetic and parasympathetic homologues of glycoproteins identified in the closely reneurons that innervate the nasal mucosa. lated herpes simplex virus type 1 (HSV 1) (28) . ConseAfter intranasal inoculation in mice, PrV propagates to quently, their denomination has been unified in July 1993 first-and second-order neurons in trigeminal, sympafollowing the original HSV 1 nomenclature. Five PrV glythetic, and parasympathetic pathways, whereas the olcoproteins (gB, gD, gH, gK, and gL) (previously desigfactory system is only rarely infected (2, 31). The aim of nated gII, gp50, gH, gK, and gL) are essential for viral the present study was to analyze the role of gE in the replication in cell culture. Three other glycoproteins (gC, propagation of PrV in these pathways, using a gE 0 bgal / gE, and gI) (previously designated gIII, gI, and gp63) are PrV mutant and a gE-rescued virus, constructed from nonessential, but have been implicated in important viral Kaplan PrV. To generate gE 0 bgal / PrV, a plasmid bearfunctions such as target cell recognition and virulence.
ing the SalI/BamHI subfragment A of PrV BamHI fragment No specific function has been assigned to glycoprotein 7 (23) was opened with BstEII, which cuts at the begin-G (previously gX), and gG-negative PrV mutants behave ning of the gE gene, and a SalI/BamHI fragment conlike wild-type PrV in animal models as well as in cell taining the LacZ gene under the control of the gG promoculture (1, 2, 16).
tor was inserted using BamHI linkers (27). After cotransfection of viral DNA and plasmid into African green monkey kidney (Vero) cells, blue plaques were purified.
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To obtain rescued virus, virion DNA of gE 0 bgal / PrV was cotransfected in Vero cells with the DraI/BamHI subfragment of BamHI fragment 7, which encompasses the gE gene. Restoration of gE led to the elimination of the bgal cassette. The phenotype of gE-negative and rescued viruses was ascertained by means of immunoprecipitation and Western blot analysis using the antibody 3/6 directed against gE (21) . The viruses were propagated in Vero cells. Supernatants were harvested 72 hr postinfection (p.i.) and concentrated (6).
The median lethal dose (LD 50 ) of gE 0 bgal / PrV was established by means of inoculation of 3 ml of 10-fold dilutions of virus into the right nostril of female Swiss mice (age, 7 weeks) anesthetized with equithesine (20) . Mice were kept under observation for 21 days or sacrificed when moribund and the LD 50 was calculated according to Karber (14) . The LD 50 of gE 0 bgal / PrV (140 PFU) was not significantly different from that of the paren- as well as in all categories of neurons innervating the nasal cavity. For histological analysis, mice received intranasal inoculation of 3 ml containing 10 6 PFU of gE 0 in some animals ( Table 1 ). The main olfactory bulb (MOB), which receives input from the olfactory epithebgal / PrV or gE-rescued PrV. They were sacrificed at sequential intervals from 6 to 118 hr after inoculation of lium, was never infected (Table 1) . This is not surprising, since the murine olfactory epithelium is not very permisgE 0 bgal / PrV and at 52 hr after inoculation of rescued virus. Mice were transcardiacally perfused with phossive even to wild-type PrV, and infection of the MOB with this virus is either absent or very limited in extent at the phate-buffered saline (PBS), 4% paraformaldehyde, and 20% sucrose in PBS (1). The superior cervical ganglion time of death of the animals (50-53 hr p.i.) (2).
In the respiratory epithelium of gE 0 bgal / PrV-infected (SCG) and spinal cord were dissected and kept in 20% sucrose-PBS for 24 hr at 4Њ. The head was decalcified mice, a few hundred bgal-positive cells were observed at 6 hr p.i. and the number increased to a few thousand in 0.1 M EDTA in PBS for 10 days at 4Њ and kept in 20% sucrose-PBS for 24 hr at 4Њ. Tissues were frozen at 070Њ at 24 hr p.i. (Table 1 ). Infected cells were distributed in clusters in two areas facing each other in the anterior and cut in transverse sections that were collected on slides. For detection of the b-galactosidase marker, tispart of the nasal cavity. Even at 100-118 hr p.i., the infection did not spread to the vomeronasal organ, the sue sections of gE 0 bgal / PrV-infected mice were reacted with the substrate X-gal (2). Detection of rescued blood vessel walls, and the secreting mucus glands, which were heavily infected at 50-53 hr after inoculation virus, which no longer expresses the b-galactosidase, was based on immunofluorescence (see Fig. 1 ). We have of rescued virus. Therefore the multiplication of the gE 0 bgal / PrV in the nasal cavity was reduced and exclushown that bgal histochemistry and PrV immunofluorescence methods of detection produce very similar results sively involved the respiratory epithelium. The gE 0 bgal / PrV mutant was able to infect first-order (2). We have also verified in cell culture that the bgal staining is not reduced by fixation with 4% paraformalneurons innervating the nasal cavity. In the first relay of sympathetic pathways, i.e., the SCG, a few infected dehyde.
With gE 0 bgal / PrV, infected cells in the olfactory epineurons could be detected at 24 hr p.i. (Table 1) . At 52 hr p.i., infected neurons in the SCG became more thelium could not be detected at 6 hr p.i. Later (24-118 hr p.i.), a few foci of infected cells were observed only numerous (Table 1, Fig. 1D ). From 76 hr p.i., the infection involved more than 80% of the neurons (Table 1, Fig. 1F ), 1E), but local spread within the TG was limited. With rescued virus, infection of the TG was more efficient, as already obtained at 52 hr p.i. with rescued virus (Fig.  1B) . Thus, the kinetics of invasion of the SCG was slower involving several thousands of neurons at 52 hr p.i. (Fig.  1A) . Anterograde transneuronal transfer from the TG to with gE 0 bgal / PrV than with rescued virus. In the SCG, separate sets of neurons supply the ear and eye, in addithe ipsilateral spinal trigeminal nucleus (Sp5) never occurred with gE 0 bgal / PrV even at 118 hr p.i. (Table 1 , tion to the nasal mucosa (34) . Therefore, the massive infection of the SCG cannot exclusively reflect the uptake Fig. 2F ). In contrast, the Sp5 was already heavily infected by rescued virus at 52 hr p.i. (Fig. 2E) . of virus from the nasal mucosa and must be due to local spread of virus within the SCG (2). Starting from 52 hr p.i., First-order parasympathetic neurons supplying the nasal cavity are located in the pterygopalatine ganglion gE 0 bgal / PrV produced the infection of a few neurons in the intermediolateral cell group (IML) of spinal segments (PG). In the rat, the PG is permissive to PrV after intranasal inoculation (22). Since this ganglion is very small C8-T5 on the side ipsilateral to the infected SCG (Table  1 and Fig. 2B ). This was consistent with retrograde transin mice and could not be easily dissected, infection of parasympathetic pathways was only studied in the supeneuronal transfer from the SCG. The minimum time required for infection of the IML (52 hr p.i.) was similar for rior salivatory nucleus (SSN), which contains the secondorder neurons that supply the PG. With gE 0 bgal / PrV, gE 0 bgal / PrV and rescued virus, but the efficiency of the infection was much lower for gE 0 bgal / PrV. Even the SSN was not infected even at 118 hr p.i. (Table 1 , Fig. 2D ), whereas it was heavily infected at 52 hr p.i. by at 100-118 hr p.i., only a few infected neurons were found in the IML and only in some animals (Table 1, Fig. rescued virus (Fig. 2C ). This may signify either that gE 0 bgal / PrV was unable to infect the PG or that the mutant 2B), whereas with rescued virus the infection consistently comprised many neurons in the IML and a few neurons was not transferred transneuronally in parasympathetic pathways, as in trigeminal pathways (see above). in medial sympathetic cell groups ( Fig. 2A) .
In the first relay of trigeminal pathways, i.e., the trigemiThis study provides a detailed analysis of the penetration and propagation of a gE 0 bgal / PrV mutant and its nal ganglion (TG), a few infected neurons could be detected at 24 hr p.i. (Table 1) . At 52-118 hr, their number rescued virus in olfactory, trigeminal, sympathetic, and parasympathetic pathways supplying the nasal cavity. It increased to several hundreds (Table 1, Figs. 1C and From the nasal mucosa, gE 0 bgal / PrV could propagate to the first relay of trigeminal and sympathetic pathways (TG and SCG). However, infection of the TG was always less efficient with gE 0 bgal / PrV than with rescued virus (Figs. 1A, 1C, and 1E) . In contrast, infection of the SCG reached the same extent, although it took more time to develop (76-118 hr for gE 0 bgal / PrV, compared to 52 hr for rescued virus) (Figs. 1B, 1D , and 1F). Beside the neurons infected from the nasal cavity, infection of the TG and SCG can also reflect local spread of PrV within these ganglia (2, 29) . Therefore, the reduced infection of the TG, as well as the slower speed of infection of the SCG with gE 0 bgal / PrV, could be due to a number of factors, like a lower efficiency of replication of the mutant in the respiratory epithelium, a reduced efficiency of penetration into trigeminal and sympathetic terminals, or a lower extent of release and local spread of virus within the TG and SCG. At least for the SCG, the last possibility is unlikely, because the massive infection of this ganglion at 76-118 hr p.i. could only be explained by extensive local spread (see above).
Although several hundred neurons were infected by gE 0 bgal / PrV in the TG and SCG at 52 hr, more than 2 days later (100-118 hr p.i.) second-order trigeminal neurons (Sp5) were still free of detectable virus (Fig. 2F) and infection of second-order sympathetic cell groups (IML) was either absent or very limited (Fig. 2B) . Moreover, second-order parasympathetic neurons (SSN) were   FIG. 2 . Infection of second-order neurons after intranasal inoculation of gE-rescued virus (A, C, E, PrV immunofluorescence, 52 hr p.i.) and not infected (Fig. 2D) . This is in contrast with the exten- nofluorescence in the present study, is essentially the same as that observed after bgal staining or immunofluorescence 52 hr after infection with wild-type PrV or gG 0 is in the line of a systematic exploration of the role of different glycoproteins in PrV neuroinvasiveness, using gal / PrV (which propagates in the nervous system like wild-type PrV). The observation that the SSN, Sp5, and this route of inoculation. PrV mutants deleted for gE have already been the subject of many investigations and sev-IML were not, or very poorly, infected in gE 0 PrV-infected animals even at 100-118 hr p.i. can be interpreted as eral authors have published that deletion of the gE gene modifies PrV neurotropism. After intranasal inoculation follows: It has been clearly established that 24 hr are sufficient for PrV to proceed from first-order to secondin mice, gE 0 bgal / PrV showed a reduced neuroinvasiveness, whereas the propagation of rescued virus was inorder neurons and accomplish a full cycle of multiplication in these systems (2). Since a glycoprotein mutant is distinguishable from that of the Kaplan strain and the gG 0 bgal / PrV mutant, which behaves like wild-type PrV likely to be affected either at the beginning of the infectious process (penetration of input virus) or at the end (2). The gE 0 bgal / PrV mutant was able to infect the murine respiratory epithelium but did not spread to the (maturation or transport of progeny virus) but not in the replication, we can postulate that second neurons which vomeronasal organ and secreting mucus glands, in contrast to rescued virus. This is in keeping with the reports did not develop signs of infection more than 2 days after infection of first-order neurons with gE 0 bgal / PrV could of a reduced efficiency of peripheral replication of gEnegative mutants of PrV and HSV 1 (3, 29) .
not be penetrated by this mutant. This suggests that gE is necessary for transfer in trigeminal pathways supplytransfer in sympathetic pathways is severely reduced. These results provide further evidence that deletion of ing the nasal cavity and that its absence does not totally prevent, but considerably reduces the extent of transneugE can induce a considerable impairment in the neuroinvasiveness of PrV, either directly or through its associaronal transfer in sympathetic pathways. On the basis of our results, gE is probably also necessary for transfer in tion with gI. parasympathetic pathways supplying the nasal mucosa, although we cannot totally rule out the possibility that ACKNOWLEDGMENTS penetration in first-order parasympathetic neurons may We thank G. Payen for excellent technical assistance. This work was be impaired as well. into second-order neurons. It has been published that gE is necessary for efficient release of PrV in some cell types REFERENCES (26, 39). Release is necessary for transneuronal transfer and local spread of PrV. It has also been shown that PrV can replicate in these neurons (18) . was not extensive and transneuronal transfer to the Sp5 6. Coulon, P., Derbin, C., Kucera, P., Lafay, F., Prehaud, C., and Flawas abolished. Similarly, the lack of infection of second- 
